ABSTRACT In this paper, to remedy the joint-angle drift problem of redundant manipulators at the acceleration level, a multi-criteria optimization motion planning (MCOMP) scheme is proposed and investigated for redundant manipulators. In addition, the proposed scheme considers physical constraints and guarantees values of the joint-velocity and joint-acceleration to approach zero at the end of the path-tracking task. The proposed scheme is reformed into one standard quadratic program problem, which is then solved by the simplified linear variational inequalities-based primal-dual neural network (S-LVI-PDNN). Furthermore, three tracking path computer simulations (i.e., ''Nut line'' pattern, ''Peach'' pattern, and Chinese character ''tu'' pattern) are illustrated, which verify the validity and advantage of the proposed scheme. Finally, the physical experiment based on the JACO 2 manipulator further verifies the practicability of the proposed scheme for solving the joint-angle drift of redundant manipulators.
I. INTRODUCTION
With the continuous development of redundant manipulators, its applications have expanded to many fields, such as: medical treatment [1] , industrial manufacturing [2] , humanoid robots [3] , [4] and exploration in other fields [5] . Motion planning and control methods play an important role in the applications of redundant manipulators. Compared with the traditional non-redundant manipulators, the redundant manipulators have more degree of freedoms (DOFs) [7] , which can guarantee the redundant manipulators working more effectively in some complex environments, such as: obstacle avoidance [20] , [24] , joint-limit avoidance [32] ,
The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu. singular-configuration avoidance [33] and so on. Since the redundant manipulators have more DOFs than necessary to perform a given end-effector task, which means that exist infinite solutions for solving the specific manipulator position and its posture tasks. The traditional method of solving the redundant manipulators is the pseudo-inverse method (i.e.,θ(t) = J +ṙ + (I − J + J )z, J + demotes the pseudoinverse of the Jacobian matrix, the z is a arbitrary vector and can be determined by a performance index to be optimized). However, the traditional method is complex and timeconsuming [11] . At the same time, the traditional method has not solve the constraint problem of inequality and the feasible problem of singular situation [12] , [14] . In this paper, quadratic program (QP) incorporates equality, inequality and bound constraints and can resolve manipulators' redundancy problems under that above situation [13] , [28] . Generally speaking, the QP problem can be solved by many methods, such as: the adaptive neural networks [5] , LVI-PDNN [27] , DNN [25] , varying-parameter convergent-differential neural network (VP-CDNN) [22] , RZND [29] . In order to resolve the redundancy of manipulators for efficient kinematic control in the presence of noises in a polynomial type, Li et al. proposed a novel recurrent neural network [30] . To accelerate the synchronization process of chaotic sensor systems, Chen et al. proposes a super-exponential-zeroing neurodynamic (SEZN) scheme [36] . In recently year, in order to solve the redundancy resolution problem and remedy the joint-angle drift phenomenon of the redundant manipulators, various computational schemes have been proposed and developed [10] , [16] , [26] , [34] . Some scholars have proposed many schemes to solve redundancy-resolution problems of the redundant manipulators on the velocity layer [6] , [9] , [17] , [28] . However, The above method is not suitable for acceleration control or torque control, and the velocity layer solution cannot take into account the joint-acceleration limits. Some scholars have proposed many methods for solving redundancy-resolution problem of redundant manipulators on the acceleration layer [8] , [18] - [21] , [23] . For example, Zhang et al. proposed the infinity norm of the joint acceleration (INAM) scheme which was solved by the LVI-based primal-dual neural network [18] . Zhang et al. proposed a cyclic motion generation (CMG) scheme in order to remedy the joint angle drift phenomenon of the redundant manipulator [8] . Furthermore, Guo et al. proposed inequality-based obstacle-avoidance MAN scheme for the manipulator [19] , [20] . Li et al. proposed a novel recurrent neural network to resolve the redundancy of manipulators in the presence of noises in a polynomial type [30] . Guo et al. proposed a hybrid multi-objective scheme to complete simultaneously four objectives, i.e., the specified primary task for the end-effector, obstacle avoidance, joint-physical limits avoidance [37] . Guo et al. proposed a zeroing neural-dynamics (ZND) approach to or solve the real-time kinematic control problem of parallel robot manipulators [38] . Zhang et al. proposes a novel Jacobian matrixadaption (JMA) method for the tracking control of robot manipulators via the zeroing dynamics [39] .
The above method only considered one or two criterion in the motion planning for the redundant manipulator. However, in the practical application, in order to be able to flexibly adjust the structure parameters of different purposes (i.e., repetitive motion planning, acceleration energy, small joint acceleration amplitude), remedy the joint-angle drift, avoid the occurrence of high joint-velocity or high joint-acceleration during the task duration at the acceleration level. We propose a multi-criteria optimization motion planning (MCOMP) scheme to remedy the joint-angle-drift of the redundant manipulators. The proposed scheme is incorporated in the minimum acceleration norm (MAN), repetitive motion planning (RMP) and infinity-norm acceleration minimization (INAM) through the weighing factors. Compared with the single-criteria or bi-criteria scheme, the proposed scheme is more flexible because it can yield any suitable combination MAN, INAM and RMP solutions if needed. At the same time, this scheme can guarantee the smooth trajectory of the redundant manipulators. The proposed MCOMP scheme is reformulated into one standard QP problem. Furthermore, the proposed scheme considers the joint-angle, joint-velocity and joint-acceleration limits. Then the QP problem is solved by the S-LVI-PDNN. Finally, the result is given by through the MATLAB simulation and the physical experiment based on the JACO 2 manipulator. Computer simulations and physical experiment based on the JACO 2 manipulator with different path-tracking examples are illustrated to verify the efficacy, validity and practicability of proposed the MCOMP scheme. The Fig 1 shows the technical route of the proposed MCOMP scheme.
II. SCHEME PROPOSED AND QUADRATIC PROGRAM REFORMULATED
In order to further discussion, the relationship between the end-effector position-and-orientation vector r(t) ∈ R m and the joint variable vector θ(t) ∈ R n in Cartesian can be expressed as follows:
where f (·) is differentiable nonlinear function that the parameter and the structure is known for the given redundant manipulators. In this paper, we use a six-DOF JACO 2 manipulator. The n = 6 and m = 3 are respectively the dimensions of the joint space and the end-effector in Cartesian space. However, the above equation(2.1) is usually difficult to be solved due to the nonlinearity and the redundancy. Therefore, many researches considered the above problem at the velocity or acceleration level, which can be expressed in equations (2.2) and (2.3).
whereṙ(t) andr(t),θ(t) andθ(t) denote the m-dimensional end-effector velocity and acceleration, n-dimensional joint velocity and acceleration vector, respectively. The Jacobian matrix J (θ(t)) defined as J (θ (t)) = ∂f (θ (t))/∂θ(t).J (θ(t)) is the time derivative of the J (θ (t)). In this paper, J (θ(t)), J (θ (t)), θ(t),θ(t),θ(t),ṙ(t),r(t) are simplified to J ,J , θ, θ,θ,ṙ,r, respectively.
A. SCHEME PROPOSED AND QP FORMULATION From previous research [19] , we know that the infinitynorm solution minimizes the largest component of a vector and therefore minimizing the infinity-norm solution is more consistent with physical limits than the minimum two-norm solution. However, the pseudoinverse-type solutions have not considered the joint-angle drift. In the above situation, a jointdrift phenomenon appears, which is undesirable for the cyclic motion planning and control. In this paper, a multi-criteria optimization motion planning scheme is proposed and investigated, which incorporate with the INAM, MAN and RMP scheme through the weighting factors. It worth pointing out that the proposed MCOMP scheme considers the joint-angle, joint-velocity and joint-acceleration physical limits during the task duration. Therefore, the proposed MCOMP scheme can be expressed as follows:
with C= (µ + ν)θ + µν(θ − θ(0)) where θ − and θ + ,θ − andθ + ,θ − andθ + denote the lower and upper limits of the joint variable vectors, respectively. γ (0, 1), δ (0, 1) are weighting factors. In order to ensure the operation of the proposed MCOMP scheme, it must be ensured that the (1 − γ − δ) is in the range of (0,1). The design parameters µ and ν for the purpose of the repetitive motion generation and are set as µ = 10, ν = 10 through in this paper. θ(0) denotes the initial state of the joint-angle vector θ(t). It is worth pointing out that the proposed MCOMP scheme can adjust the weights of the MAN, INAM, RMP through redjust the parameters γ and δ. Generally speaking, the designed parameter δ determine the repetitive motion planning in the proposed MCOMP scheme. The designed parameter γ determine the MAN and INAM which represents the acceleration energy minimization and small joint acceleration amplitude, respectively. When small acceleration energy is of main concern, the designed parameter γ can be set larger in the allowed range. Conversely, when small joint acceleration amplitude is the primary consideration, parameter γ can be set to smaller in the allowed range [9] , [35] .
B. CONVERSION OF BOUND CONSTRAINTS
As the proposed MCOMP scheme (2.4)-(2.8) is solved at the joint-acceleration level, so the joint physical limits (2.6)-(2.7) have to be converted into the expressions based on joint accelerationθ [23] .
Firstly, the joint-angle limits (2.6) can be converted as:
Secondly, the joint-velocity limits (2.7) can be converted as:
where the design parameter β ∈ (0, 1) is used to define the critical area [θ − , βθ − ] and [βθ + , θ + ] for joint position variables and there will appear a deceleration when the redundant manipulator enters them [15] . The designed parameter is set as β = 0.9 through in this paper. α a > 0 and α b > 0 determine the magnitude of this deceleration. The design parameters α a > 0 and α b > 0 are usually set as α = α a = α b = 20. Therefore, the joint angle physical limits (2.6)-(2.8) can be converted into a bound constraint in terms ofθ:
where the χ − and χ + denote the lower and upper bound constraint, respectively.
In this section, we convert the performance criteria of the MCOMP scheme (2.4) into one standard QP. Firstly, by defined p(t) = θ ∞ , the infinity-norm acceleration (i.e., in the third terms of the equation (2.4)) can be rewritten as:
where
is a an appropriately dimensioned vector made of ones and I ∈ R n×n is a identify matrix.
Secondly, the first and the second terms in the equation (2.4) can be rewritten as:
Thirdly, the decision variable x is defined x = [θ T , p] T ∈ R n+1 . The unified QP form can be expressed as follows:
In this section, the S-LVI-PDNN solver [4] , [31] is used for solving the QP (2.18)-(2.21) problem. Firstly, the QP problem (2.18)-(2.21) should be converted to a linear variational inequalities (LVI) problem which is equivalent to finding a primal-dual equilibrium matrix y * ∈ := = {y|y − ≤ y ≤ y + } ⊂ R 2(3n+m+1) which satisfies the inequalities as below
where the primal-dual decision variable vector y ∈ R 3n+m+1 and its lower and upper bounds is defined as:
where decision vector u ∈ R m and v ∈ R 2n are defined for equality constraint (2.19) and inequality constraint (2.20), respectively. In addition, the augmented matrix M ∈ R (3n+m+1)×(3n+m+1) and vector q ∈ R 3n+m+1 are
Secondly, according to the reference [4] , [21] , we know that the equation (2.22) is equivalent to a corresponding piecewise-linear equations:
where P (·): R 2(3n+m+1) → and the ith element of P (y) is a projection operator and defined as:
Thirdly, based on the primal dual neural networks, the equation (2.23) can be further computed by the linear variational inequality based primal dual neural networks (LVI-PDNN) such thaṫ
Fourthly, in order to simplify the calculation and realization of real-time solver (2.24), the scaling matrix (I + M T ) is eliminated from (2.24), the S-LVI-PDNN is expressed as follows:ẏ
where positive parameter η is positive parameter designed to adjust the convergence rate of neural network (2.25) and is set as η = 10 6 through in this paper.
III. COMPUTER SIMULATIONS
The proposed MCOMP scheme and its resultant QP problem (2.4)-(2.8) are solved via the S-LVI-PDNN in the simulations. Computer simulations based on the JACO 2 manipulator are performed to verify the validity and advantage of the proposed MCOMP scheme (2.4)-(2.8). The JACO 2 manipulator end-effector is excepted to track three different paths (i.e., ''Nut line'' pattern, ''Peach'' pattern and Chinese character ''tu'' pattern). Note that, the joint-angle, jointvelocity and joint-acceleration physical constrains are set as in Table 1 . 
A. ''NUT LINE'' PATTERN TRACKING EXAMPLE
In this section, the desired motion trajectory of the JACO 2 manipulator end-effector is a ''Nut line'' pattern. The motiontask duration T = 6s. Note that, the joint-angles of the JACO 2 manipulator are excepted to start from initial state and finally return to the initial state during the task execution. In addition, for comparison and illustration, three different scheme of the computer simulation results are performed which are the MAN scheme (i.e., with γ = 1, δ = 0 ) without considering physical limits (2.6)-(2.8), the MAN-INAM (i.e., with γ = 0.2, δ = 0 ) scheme without considering physical limits (2.6)-(2.8), the proposed MCOMP scheme (i.e., with γ = 0.2, δ = 0.2) considering the physical limits (2.6)-(2.8). The corresponding simulation results are shown in Figs. (2)- (4) and Table 2 -3. Firstly, the Fig. 2 (a) shows the end-effector of JACO 2 manipulator track the ''Nut-line'' pattern in the 3-D workplane, which means the path tracking task have been completed. However, the final state of the joint-angles have not return the initial state after finishing the path tracking. This can be seen from the Fig.2(b) which illustrates the jointangles transition during the path tracking. The exact actual joint-angle drift errors between the final state and the initial state (i.e., θ(6) − θ(0)) are shown in the second row of Table 2 , of which the maximal error is more than 1.0566 (rad). That is to say the joint-angle drift have happened during the task duration. Eventually, in the practice industrial application, joint-angle drift is not desired because the redundant manipulators should need extra self-motion to readjusting the manipulator's configuration. This would lead to the redundant manipulators lower efficiency. In addition, as shown in the Fig.2(c) , the final values of joint-velocity except theθ 2 are not to be zero, which means that the final joint-velocity of the VOLUME 7, 2019 manipulator have not stop at the final time instant t = 6s. That phenomenon may lead to damage the people or the redundant manipulator arms. More seriously, as shown in the Fig. 2(c) and (d), the joint-velocityθ 1 at the time t=1.78s exceed its lower limits -1.5 rad/s 2 , the joint-accelerationθ 1 at the time t=3s exceed its upper limits +6 rad/s 2 , joint-accelerationθ 3 , θ 4 at the time t=1.98s exceed its lower limits −6 rad/s 2 , respectively, which may damage the manipulator arms and is not excepted to appear during the task duration.
Secondly, in order to be compared with the MAN scheme, the MAN-INAM scheme simulation results are shown in Fig. 3 and the third row of Table 2 . As seen from the Fig. 3 (a) , the end-effector of the JACO 2 manipulator tracking the ''Nut line'' pattern is completed. Compare with the MAN scheme, the joint-angle drift have been remedied to some extend, which can be further illustrated from the third row of Table 2 (i.e, the joint-angle drift (θ (6) − θ(0) less than 1.7152 ×10 −1 (rad)) and the Fig.3(b) . However, the final state are not overlap the initial state, which should add the self-motion readjusting in engineering applications. That would reduce the efficiency of the redundant manipulators. In addition, the Fig.3(c) shows that the final values of jointvelocity are not to be near zero at the final transient, which is not desired in the application. More seriously, the jointaccelerationθ 1 andθ 4 have exceeded their upper limits +6rad/s 2 and lower limits −6 rad/s 2 at the time t = 1.9s, respectively.
Thirdly, the simulation results synthesized by the MCOMP scheme (2.4)-(2.8) with considering joint physical limits are shown in Fig. 4 and the forth row of Table 2 . As seen from Figs.4(a) and (b) , the trajectory path tracking have finished well and the final state of the JACO 2 manipulator arms overlap their initial states well. The corresponding jointangle drift (i.e., θ(6) − θ(0)) are shown in the fourth row of Table 2 , which are less than 1.267 × 10 −3 rad. In addition, from Figs. 4 (c) and (d), we see that the final values of the joint-velocity and the joint-acceleration are near to be zero at the final instant, which demonstrates the effectiveness of the proposed MCOMP scheme (2.4)-(2.8). Further more, as seen from the Fig. 4 (c) , the joint-velocity are within in their physical limits during the task duration. Specifically, as show in the Fig. 4 (d) , the joint-accelerationθ 3 reach the lower limits −6 rad/s 2 , but never exceeding them, which means that the physical constraint (2.6)-(2.8) in the MCOMP scheme workshop effectively. It worth pointing out that endeffector position errors of the redundant manipulator are also small during the path-tracking task duration (i.e., less than 5 × 10 −5 m).
B. ''PEACH'' PATTERN AND CHINESE CHARACTER ''TU'' PATH-TRACKING EXAMPLES
In order to further illustrate the efficacy of the proposed MCOMP scheme, the ''Peach'' pattern and Chinese character ''tu'' path-tracking are also performed based on the JACO 2 manipulator. It is worth pointing out that the ''Peach'' pattern and Chinese character ''tu'' path-tracking are only performed the simulation results based on the MCOMP scheme. As seen from the Fig.5 (a) , the end-effector of the JACO 2 manipulator tracks the ''Peach'' pattern, which has completed well and the final state overlap the initial state during the task duration. From the Fig.5 (b) , we see that the end-effectors position error are tiny (i.e., less than 10 −4 m). The exact values errors of joint-angle drift can be shown in the second row of Table 3 (less than 10 −3 rad). It means that the proposed MCOMP scheme solution is repetitive and applicable for the redundant manipulator. Furthermore, the joint-velocity and joint-acceleration are within their physical limits during the ''Peach'' pattern path tracking. This example verifies the accuracy and effectiveness of the proposed MCOMP scheme in remedying for joint-angle drift at acceleration level.
Another simulation results of the JACO 2 manipulator's end-effector tracking the Chinese character ''tu'' path is shown in the Fig.6 and the third row of Table 3 . From the Figs.6 (a) and (b) , the final state coincide with the initial state and the end-effector position errors are tiny in the Fig.6 (b) (less than 10×10 −4 ), which means that the path-tracking is completed well and the repetitive motions is achieve. The exact values of the joint-angle drift are shown in third row of Table 3 . In addition, from the Figs.6 (c) and (d), we can see that the joint-velocity and the joint-acceleration are within in their physical limits. Furthermore, the joint-acceleration bound constraint is activated during the task duration.
In summary, the above three simulation examples have verified the validity and advantage of the proposed MCOMP scheme (2.4)-(2.8) at acceleration level.
C. PHYSICAL EXPERIMENT
To verify the physical practically of the MCOMP scheme, we perform physical experiment of tracking the Chinese VOLUME 7, 2019 character ''tu'' path on the six-DOF JACO 2 manipulator in this subsection. The physical experiment platform is composed of computer and JACO 2 manipulator, which can be seen in the Fig. 7 . The joint angles data are generated by controlling acceleration signal, and then read by the visual studio program and sent the data to the JACO 2 manipulator to realize the movement. For illustration, the designed parameters and the initial joint state are set the same as the computer simulation in the Chinese character ''tu'' path tracking.
The snapshots of the Chinese character ''tu'' path-tracking physical experiment results are shown in the Fig.8, which shows that the end-effector tasks have been finished very well. The Fig.8 has further illustrated the effectiveness and applicability of the proposed MCOMP scheme in remedying for the joint-angle drift problem. 
IV. CONCLUSION
In this paper, a MCOMP scheme has been proposed to remedy the joint-angle drift problems of the redundant manipulators. The redundancy is solved at the acceleration level, and the joint-angle, joint-velocity and the joint-acceleration physical limits are considered during the redundancy resolution. Furthermore, the proposed MCOMP scheme is reformulated into one standard QP problem and finally computed online via the S-LVI-PDNN. Computer simulation results and physical experiments based on the JACO 2 manipulator have performed realizability and efficacy of the proposed MCOMP scheme when solving the joint-angle drift problem of the redundant manipulators. To expand the application area of the proposed scheme and take full advantage of the flexibility of redundant manipulators, the study on motion planning problem of redundant manipulators with multi-criteria at different levels will be conducted in the short term. Besides, the function of obstacle-avoidance will be introduced into the proposed MCOMP scheme. 
